In the present work, rheological properties of HDPE samples were measured at temperatures of 150˚C, 190˚C and 230˚C. It was shown, by oscillatory tests, at low frequencies, that, for temperatures of 150˚C and 190˚C, there was a predominance of the viscous behavior over the elastic one. At 230˚C, there was a predominance of the elastic contribution, and there was an increase of the molar mass compared with the ones obtained from the tests at 150˚C and 190˚C. The results obtained from the temperature ramp oscillatory test showed that, up to around 248°C, the viscous behavior prevailed, the opposite being observed at higher temperatures. At 230˚C the sample showed significantly lower values of strain when compared with the ones observed at 150˚C and 190˚C. Oxidative induction time (OIT), melting point and degree of crystallinity were determined by differential scanning calorimetry (DSC). The DSC results and the rheological measurements showed a completely different behavior for the HDPE samples at 230˚C compared with the 150˚C and the 190˚C ones, suggesting that HDPE, at the temperature of 230˚C, underwent thermo-oxidative degradation with the initial predominance of crosslinking.
Materials and Methods
The HPDE sample used in this study has an average molar mass (M w ) of 125,000 g·mol −1 , and was obtained from Sigma-Aldrich in granular form with basic pre-stabilization for processing. The samples were used as received. All experiments were carried out in duplicate.
For the present study, three test temperatures were selected: 150˚C, 190˚C and 230˚C. The lowest value was selected for being above the sample melting temperature and for being the lowest temperature usually used in the extrusion process of HDPE (T = 150˚C). The highest temperature, 230˚C, was chosen based on the preliminary tests by rheometry and DSC. In the rheometer, the sample was subjected to the temperature ramp test (oscillatory test), with heating from 140 to 260˚C (10˚C·min −1 ), under a shear rate of 5% (linear viscoelasticity). Change in the rheological behavior of the sample was observed above approximately 230˚C. In the DSC, the sample was subjected to the oxidative induction time test (OIT) at 230˚C, where the beginning of oxidation was observed in less than 2 minutes, under oxidative atmosphere. Thus, a temperature of 230˚C was chosen in order to evaluate the HDPE behavior during a probable thermo-oxidative degradation. As for the 190˚C temperature, this was chosen for being the middle temperature between 150˚C and 230˚C.
The analyzed samples were prepared in the rheometer, obtained in disc form, 8 mm in diameter and 1 mm in thickness. At 230˚C, the preparation time was 1 minute, at 190˚C, 2 minutes, and, at 150˚C, 3 minutes. The samples were characterized by FTIR and by DSC.
Fourier Transform Infrared Spectroscopy Analysis (FTIR)
The FTIR technique was applied with the main objective of identifying any alteration in the HDPE composition during sample preparation, seeking to avoid the interference of this step on the rheological results. For this reason, samples were analyzed by FTIR, as they were received, and then again after preparation in the rheometer (prior to the rheological tests). To support the discussion of the results obtained from the rheological tests, an FTIR analysis of some HDPE samples was also conducted, after the rheological experiments. The spectra, in the 4000 to 650 cm −1 range, were obtained in the FTIR spectrometer; model Nicolet 6700 from Thermo Fisher Scientific, in attenuated total reflectance (ATR), with 64 scans and 4 cm −1 resolution.
Differential Scanning Calorimetry (DSC) Analysis
A DSC analysis was conducted to determine the melting temperature (T m ), the degree of crystallinity and the oxidative induction time (OIT). A Shimadzu DSC-60 model was used, with a sealed aluminum sample holder with perforated cap. Nitrogen was used as the carrier gas, at 30 mL·min −1 . The mass of the analyzed samples varied from 4 to 6 mg. In order to determine T m and the degree of crystallinity, the samples were initially subjected to thermal treatment to erase the material thermal history. Next, the equipment was programmed for another run, starting from room temperature (±20˚C) up to 200˚C, at 10˚C·min −1 . For the OIT tests, the samples were heated from room temperature up to test temperature (150˚C, 190˚C and 230˚C), at 10˚C·min −1 , utilizing initially nitrogen as the carrier gas, at 30 mL·min
. At test temperature, an isotherm was maintained for 5 minutes in order to reach thermodynamic equilibrium and, following that, the exchange of the carrier gas from nitrogen to oxygen was conducted, maintaining the same flow and isotherm for a maximum 90 minutes. The OIT test was performed with the purpose of evaluating the thermal stability of the material at each temperature. With the OIT result, a time reference to which the sample can be subjected is obtained, without oxidative degradation. Or even the opposite, that is, a minimal time reference so that the oxidative degradation of the sample can occur.
Rheometry Analysis
The rheological tests were performed in a model AR-G2 rotational rheometer (TA Instruments), utilizing an 8 mm parallel plate geometry, with heating by an environmental test chamber (ETC) of the equipment. Environmental atmosphere was used in all rheological tests.
In order to determine the strain value to be applied to the rheological tests (linear viscoelasticity region), the G'and G" moduli curves were obtained as a function of a broad strain range (0.01% to 100%), through a strain sweep test, maintaining the frequency constant at 1 Hz. The frequency sweep test was performed in order to determine the average molar mass variation of the sample. The frequency range chosen was from 0.8 to 400 rad·s −1 (0.1 to 64 Hz), with a 5% strain, which lies within the linear viscoelasticity region.
In order to evaluate the viscoelastic behavior of the sample, when subjected to a continuous rise in temperature, an oscillatory temperature ramp test was performed. From this test, the variation of the G' and G" moduli was obtained, as a function of temperature, at a 5% strain and at a 1 Hz frequency, with a heating rate of 10˚C·min −1 . The steady state flow test was performed to obtain the viscosity curve as a function of the shear rate, and to find, from it, the region of the 1st Newtonian plateau (the region where viscosity is kept constant for a certain stress interval or shear rate). In this test, the shear rate varied from 1 × 10 −5 to 10 s −1 . The creep test was, then, performed, with a 3000 Pa shear stress (outside of the Newtonian plateau). The objective of such test was to compare the elastic response of the sample at different temperatures. The study of the dependency of viscosity on temperature was carried out through a temperature ramp flow test (140˚C to 260˚C), maintaining the shear rate constant at 1 s −1 (outside the Newtonian plateau). The equilibrium time in the conditioning phase of each rheological test was standardized at 6 minutes for tests at 150˚C, and 3 minutes for tests at 190˚C and 230˚C. For tests at 150˚C, a longer time was used in order to guarantee the complete fusion of the crystals, since the presence of residual crystals in the sample under analysis could affect the rheological test results. The rheological tests took 6.5 to 35.2 min, at 150˚C, 3.5 to 32.2 min, at 190˚C, and 3.5 to 33.8 min, at 230˚C. The DSC analysis result (HDPE melting peak interval) was used as a reference to determine the equilibrium time. It is worth noting that the heating rate utilized in the DSC test was the same one utilized in the rheological temperature ramp tests (10˚C·min −1 ), which had a test time of 18 minutes.
Results and Discuss
From the FTIR analyses, it was possible to identify the PE characteristic bands, i.e., stretching between 2950 and 2850 cm −1 ; bending between 2950 and 2850 cm −1 ; rocking close to 700 cm −1 [11] . It was observed both in the spectrum of the HDPE sample, as received, as well as in the spectra of the specimens at all three temperatures, discrete bands between 965 and 946 cm −1 , which indicate the presence of vinyl groups, as they absorb between 990 and 910 cm −1 [12] . The presence of carbonyl group (C=O) (band close to 1700 cm
) was not observed in any of the spectra analyzed at this stage. Thus, the FTIR results indicated that the chemical structure of the sample was preserved.
For characterization of the HDPE sample, as received, the T m , the degree of crystallinity and the value of HDPE's OIT by DSC were determined, and the results are presented in Table 1 .
The values found for the melting temperature and for the degree of crystallinity are in accordance with the literature (T m = 125˚C -132˚C and crystallinity = 55% -77%) [7] .
For 150˚C and 190˚C, the DSC curves did not present any exothermic event, what means that there was no oxidation of the samples at these temperatures, within the 90 minute interval and under oxidizing atmosphere. Therefore, the OIT values for these temperatures are over 90 minutes. Thus, for 150˚C and 190˚C, the occurrence of thermo-oxidative degradation is unlikely during rheological tests, since the time of these tests was under 90 minutes. However, this degradation could occur for rheological tests at 230˚C, once, at this temperature, these tests took a time superior to the OIT value (1.27 min). The OIT results obtained by DSC corroborate the FTIR results, once, for the specimens prepared in a shorter time than the OIT, there were no indications of HDPE degradation in their spectra.
In the study carried out by Mesquita (2010) , at 210˚C, OIT values of 0.4 min were found for HDPE samples without anti-oxidant additive, and up to 11 min for HDPE samples containing a mixture of primary and secondary anti-oxidant additives [4] . Figure 1 shows the curves of the elastic (G') and of the viscous (G") moduli as a function of strain (%), for temperatures of 150˚C, 190˚C and 230˚C, obtained in the strain sweep test.
It can be observed from Figure 1 , a discrete predominance of the viscous effect (G" > G') in the curves at 150 and 190˚C and the opposite at 230˚C, where the elastic effect (G' > G") prevails. It was possible to determine, with the aid of the equipment software, the linear viscoelasticity region more suitable for the three temperatures: strain between 1% and 10%.
The result of the frequency sweep test is presented in Figure 2 , by the G' and G" curves as a function of the angular frequency (rad·s
), under 5% strain (linear viscoelasticity). In this figure, the predominance of the viscous effect over the elastic effect at 150˚C and 190˚C can be observed, when at a low angular frequency. Under the same conditions, the opposite occurs at 230˚C, where the elastic effect prevails. At a specific frequency (w c ), there is a crossing between the G' and G" (G c ) curves, and from this point, there is an inversion on the behavior, the elastic effect prevailing over the viscous effect at temperatures of 150˚C and 190˚C and the opposite occurring at 230˚C.
According to Scuracchio and Bretas (2004) , in a typical response of molten polymers, the predominance of the elastic behavior at high frequencies is observed, and the viscous effect is observed at lower frequencies [15] . The specimens at 150˚C and 190˚C presented similar behavior to that reported in the literature. Table 2 shows data from the point of intersection between G' (w) and G" (w) curves for each temperature, also designated as critical point (w c , G c ), the values of the average molar mass (M w ), calculated by the rheometry equipment software, and the results of HDPE creep-recovery test, at the three temperatures used in this work.
From the data presented in Table 2 , results of the same order of magnitude for G c and M w were observed, but when these results are compared with the results obtained at 230˚C, it becomes clear that there was a significant increase in G c and M w . Similarly to what was observed by Torres (2007) [16] , with the temperature increase, the critical point shifted to higher frequencies. The increase in value of the average molar mass at 230˚C may indicate the occurrence of HDPE reticulation during the test. The rheological behavior of HDPE as a function of temperature was evaluated by the oscillatory temperature ramp test, within the linear viscoelasticity region where, up to a temperature close to 246˚C, there was a predominance of the viscous effect over the elastic one (G" > G'), with an opposite effect close to 250˚C. In the temperature interval between 230˚C and 238˚C, it is possible to observe a change in the slope of the G' (T) curves, which represents an increase in the elastic contribution to the rheological behavior of the sample, attributed to a change in its structure, possibly by the increase of the molar mass (degradation by reticulation), making the polymer more elastic. Using the rheometry equipment software, the critical point values were obtained: G c of 3.840 × 10
4 Pa and temperature of 248˚C. A Newtonian plateau with a shear rate between 2.55 × 10 −4 and 4.0 × 10 −3 s −1 was observed in the curves obtained at 150˚C and 190˚C, in the steady state flow test. At 230˚C, the absence of this plateau became evident, indicating that, for the interval of shear rate and temperature applied, the HDPE does not present Newtonian behavior. Furthermore, at this temperature, it was observed a viscosity increase (increased flow resistance) for shear rates up to 0.01 s , approximately. For shear rates above this value, the viscosity decreases drastically. According to Peacock (2000) , the alteration in viscosity of the molten polymer, as a function of shear rate, reflects alterations in its entanglement [7] . The similarity between the viscosity curves at 150˚C and 190˚C was also noted. A similar behavior was observed in the strain sweep test at these two temperatures. From the frequency sweep test, it was found very close values for the molar mass of HDPE for the tests carried out at 150˚C and 190˚C, which contributes to justify the similarity of the viscosity behavior of the sample at these temperatures.
In the creep test, the sample was subjected to a constant stress of 3000 Pa for 30 seconds and the strain was measured as a function of time. In the recovery step, after 300 seconds, elastic recovery of the sample was registered.
The values for recovery from deformation or elastic recovery (S R ), presented in the last line of Table 2 , were calculated by Equation (1) [16] , where S i is the initial deformation after removal of the stress and S f is the final deformation after 300 seconds (end of recovery).
From the results presented in Table 2 , it was found very close values for the elastic recovery for the tests carried out at 150˚C and 190˚C (63% and 62%, respectively) and greater value for the one carried out at 230˚C (76%). It is noted that, at 230˚C, the sample presented the lesser deformation and the greater recovery, which may be related to the probable crosslinking of HDPE (greater resistance to deformation due to the effect of crosslinking). Such a result supports what was observed in the oscillatory tests at 230˚C, i.e., the prevailing elastic behavior and the increase in the average molar mass of the polymer. The fact that HDPE presents practically the same elastic recovery at 150˚C and at 190˚C, may be justified considering the similarity of the viscosity behavior and also of the average molar mass, at these two temperatures.
It was observed from the viscosity as a function of temperature curves, obtained from the temperature ramp flow test, maintaining a shear rate at 1 s −1 , a decrease in viscosity till a temperature close to 240˚C, point at which a change in the slope of the curve occurs, thus occurring a slight increase in viscosity. Such behavior corroborates the frequency sweep test results, once the increase in the polymer molar mass results in an increase in viscosity. At temperatures around 260˚C, a new change in slope of the viscosity curve is observed, followed by a small reduction of its value. Thus, the results of the temperature ramp flow tests indicate a change in the structure of the sample, which could be related to HDPE degradation with an initial predominance of crosslinking, and, thereafter, of chain scission (reduction in the viscosity at the end of the curve).
After the rheological experiments, some samples were analyzed by FTIR, in order to identify signs of polymer degradation. Figure 3 presents the FTIR spectrum of one of the samples after the steady state flow experiment at 230˚C and, also, the spectrum of the specimen prepared at this temperature, for comparison. This rheological experiment, specifically, lasted 33.8 minutes.
The presence of new absorption bands characteristic of an oxidizing phenomenon can be observed from Figure  3 , which also reveals the presence of C-O bonds between 1200 -1100 cm −1 and carbonyl units (C=O) between 1800 -1700 cm of polyethylene by chain scission, more specifically, the β scission of the peroxy radical (ROO*) or alkoxy (RO*) [16] . This corroborates the result of the rheological temperature ramp test (flow test), where the reduction of HDPE viscosity was observed at the end of the experiment, which may be related to the degradation by chain scission (reduction in molar mass). When comparing the FTIR spectra from the HDPE sample after the frequency sweep test (an analysis time of 4.9 min) and from the specimen, both at the same temperature of 230˚C, the presence of carbonyl group is not detected in the spectrum of the sample after the test, neither in the spectrum of the specimen. However, it is worth noting that the characteristic band of vinyl groups present in the spectrum of the specimen (965 cm −1 ), was not detected in the HDPE spectrum after the rheological test. Moss and Zweifel (1989) verified the occurrence of crosslinking in HDPE accompanied by a reduction in the concentration of vinyl groups [17] .
The results indicate that the HDPE sample, when subjected to a temperature of 230˚C, for a period greatly superior than that for the OIT, may undergo degradation by chain scission, once the presence of carbonyl is detected in the FTIR spectrum. However, it cannot be inferred that chain scission is the only degradation mechanism present, once there are indications of degradation by crosslinking during the rheological tests, considering that there was an increase in molar mass, determined in the frequency sweep test, and considering the absence of the characteristic band of vinyl groups in the FTIR spectra after the rheological tests. According to Azevedo and co-authors (2010) [18] , when there are vinyl groups in the main chain, crosslinking reaction is favored, as also demonstrated in the study by Hoang and co-authors (2006) [19] , whose conclusion was that the PE crosslinking reaction initiated at the vinyl insaturation points.
The FTIR analysis results, after the rheological tests, suggest that, at 150˚C and 190˚C, the samples did not undergo degradation, as opposed to what was observed at 230˚C. The DSC results corroborate the FTIR results, once it was possible to observe in the OIT experiments that, at 150˚C and 190˚C, the HDPE did not undergo oxidation when subjected to the oxidizing atmosphere for 90 minutes. Nevertheless, at 230˚C, the beginning of oxidation occurred at 1.27 minutes (OIT value), a time period inferior to that of the rheological tests.
Conclusion
The obtained results indicated that the samples of HDPE used in this study, when subjected to temperatures of 150˚C and of 190˚C, showed practically the same characteristics (viscosity, molar mass, predominance of the viscous behavior at low shear rates and elastic recovery). At a temperature of 230˚C, when in an oxidizing atmosphere, the sample underwent thermo-oxidative degradation with initial predominance of crosslinking, considering that there was an increase in molar mass, which consequently led to an increase in viscosity, besides presenting greater elastic recovery. However, for a time period much longer than the OIT value, the degradation process of the HDPE sample was dominated by chain scission phenomenon, which could be inferred by the reduction in viscosity and the presence of carbonyl groups in the FTIR spectrum. As a practical application, the results obtained in this work suggest that the processing temperature for the HDPE studied must be less than 230˚C. For higher temperatures, in order to avoid thermo-oxidative degradation, the introduction of specific additives will be necessary.
